The present land cover of humid tropical catchment areas mainly regulates the flow of vapour to the atmosphere. Therefore land use decisions play an important role for the water balance of a tropical catchment. Studies that relate land cover changes with river discharge changes for humid tropical catchment areas at the mesoscale level are rare. This article applies an integrated remote sensing and hydrological modelling approach to analyse the impact of land cover changes on the water resources of a mesoscale humid tropical catchment. First, a change detection analysis of Landsat/ETM+ satellite images was carried out to quantify land cover changes of the mesoscale Gumbasa River catchment in Central Sulawesi, Indonesia. Thereafter the distributed hydrological model WASIM-ETH was calibrated and validated for the current Landsat/ETM+ scene. The historical Landsat/ETM+ scene was integrated for the hydrological model application as a historical land cover scenario. Further hypothetical total-change scenarios were carried out. The results of the hydrological model scenario application clearly demonstrate a strong relationship between deforestation rates and increasing discharge variability. Especially a significant increase of high water discharges was simulated for the applied scenarios. With regard to the high deforestation rates of the research catchment, one can expect further changes of the water balance. al. 2005; KLEINHANS 2004 ) is far from the regional reality (FALKENMARK a. ROCKSTRÖM 2004) where decisions on water resource management are developed and implemented. The Archipelago of Indonesia has an annual forest cover change of -1.2% (Brazil -0.4%), which indicates a dramatic deforestation rate (FAO 2003). The island of Sulawesi still has a total forest cover of 48% (HOLMES 2000) . But the natural resource tropical rainforest of Sulawesi is constantly threatened by the development of new agricultural land and illegal logging activities. With a population growth of 66% over the past two decades around the area of Central Sulawesi (MAERTENS et al. 2004 ) massive land cover transformations have changed and are currently changing the land cover pattern of the island. Thus these land cover transformations will also alter the hydrological regime of the corresponding catchment areas and finally the water resources of the region.
Introduction
Land use decisions always imply a decision about water resources (FALKENMARK a. ROCKSTRÖM 2004) . In humid tropical areas at continental edge or island location especially the green water flow (FAO 1995 (FAO , 1997 represented by the evapotranspiration of the vegetation is a significant component of the water balance (BRUIJNZEEL 2000) . Therefore the present land use that mainly regulates the flow of vapour to the atmosphere plays an important role for the water balance of a catchment. With respect to the overall degrading consequences of increasing discharge variability, like low flow or flash floods, it is crucial for the water resource management to predict potential consequences of land cover changes in space and time. Studies that relate changes in land cover with changes in river discharge of tropical catchments are abundant especially on a small scale (< 1 km 2 ) (COSTA et al. 2003) . However, to investigate the impact of land cover changes on the water resources, a mesoscale catchment unit represents an ideal research scale. The global and local scale, which is used in many other hydrological studies (GÜNTNER 2002; DÖLL et al. 2003; GODSEY et al. 2004; FLEISCHBEIN et al. 2005; KLEINHANS 2004 ) is far from the regional reality (FALKENMARK a. ROCKSTRÖM 2004) where decisions on water resource management are developed and implemented. The Archipelago of Indonesia has an annual forest cover change of -1.2% (Brazil -0.4%), which indicates a dramatic deforestation rate (FAO 2003) . The island of Sulawesi still has a total forest cover of 48% (HOLMES 2000) . But the natural resource tropical rainforest of Sulawesi is constantly threatened by the development of new agricultural land and illegal logging activities. With a population growth of 66% over the past two decades around the area of Central Sulawesi (MAERTENS et al. 2004 ) massive land cover transformations have changed and are currently changing the land cover pattern of the island. Thus these land cover transformations will also alter the hydrological regime of the corresponding catchment areas and finally the water resources of the region.
Study area
The Gumbasa River catchment (Fig. 1) is a sub-basin of the Palu River catchment (2,694 km 2 ), which is located in Central Sulawesi, Indonesia (1°S, 120°E). The Gumbasa River catchment has a total drainage area of 1,275 km 2 and is characterized by a topography ranging from 99 m a.s.l. to 2,491 m a.s.l. The catchment has a gross annual areal precipitation of 2,000 mm y -1 and a mean annual discharge of 22.1 m 2 s -1
. The seasonal hydrological regime of the catchment is described by two peaks and strongly corresponds with the bimodal monsoonal pattern of the yearly precipitation distribution of Central Sulawesi. Like other river basins located in monsoon regions the Gumbasa River also shows a great variation of seasonal and annual flow (OYEBANDE a. BALEK 1987) .
Material and methods

Hydrological model application and catchment instrumentation
In order to study the impact of forest conversion on the water balance of the Gumbasa River catchment we applied the Water Flow and Balance Simulation Model WASIM-ETH (SCHULLA a. JASPER 1999) . WASIM-ETH is a process-based fully distributed catchment model. The spatial resolution is given by a grid and the time resolution can vary from minutes to days. The main processes of water flux, storage and the phase transition of water are simulated by physically-based simplified process descriptions (SCHULLA 1997) . The meteorological input data of the model are interpolated for each grid cell and are followed by the simulation of the main hydrological processes like evapotranspiration, interception, infiltration and the separation of discharge into direct flow, interflow and base flow. These calculations are modularly built and can be adapted to the physical characteristic of the catchments area. For the set up of the Gumbasa River catchment a 500 m x 500 m raster spatial, and a daily temporal resolution was chosen. As spatial input data WASIM-ETH requires a Digital Terrain model, a land cover map and a soil map (Fig. 2) . All spatial data is required in a raster data format (grid) with unique spatial resolution and extension. Starting from the primary grid of the topography secondary grids were generated with a topography analysis program. In order to obtain a feasible temporal data set of meteorological forcing and hydrological calibration data for the performance of a distributed hydrological model the catchment was equipped with four automatic stage recorders and eight automatic climate stations monitoring precipitation, temperature and humidity. Additionally five automatic climate stations measure the complete meteorological parameters including wind speed and global radiation. We measured hydrological and meteorological data for the period Sept. 2002 -Sept. 2004 MATTHEWS (1983) , single studies (MO et al. 2004; DIJK a. BRUIJNZEEL 2001; KÖRNER 1994 ) and local studies (BOHMANN 2004; FALK 2004) which were conducted within the research area. Figure 3 displays the observed versus the simulated discharge and the simulated baseflow for the Danau Lindu sub-catchment for the calibration period. The model efficiency of the calibration period (R 2 =0.83) and the validation period (R 2 =0.74) for the entire Gumbasa River catchment reached satisfying results in order to use the hydrological model as a scenario tool. We simulated a land-use history scenario with the Landsat/ETM land cover classification of 2001 as input land cover grid for the analysis of the impact of observed land cover changes from 2001 till 2002 within the Gumbasa River catchment. Furthermore we applied a total change scenario, which assumed that all forest up to 1,200 m a.s.l. is converted in a first conversion phase into annual crops such as maize or dry rice and within a second step into perennial crops. Cacao is a cash crop in Central Sulawesi and therefore is most likely to be planted as perennial crop. In Central Sulawesi the cacao plant can be cultivated up to an elevation of 1,200 m a.s.l., since up to this elevation the temperature does not drop beneath 16°C at night (REHM 1989) . For both scenarios the physical vegetation parameters were altered according to the applied land cover type. The soil physical properties were kept constant, because the changes of soil physical parameters induced by land cover changes were not investigated for the Gumbasa River catchment. The main land cover changes were detected within the Dongi-Dongi sub-catchment, therefore this sub-catchment was also delineated as a sub-catchment of the hydrological model.
Remote sensing data analysis of land cover and land cover change
Several efforts have been undertaken during the past years to map the forest cover in the tropics and monitor changes of tropical land cover and deforestation at the regional level (ALVES et al. 2003; CASTRO et al. 2003; ERASMI et al. 2004; LU et al. 2004 ). The spatially explicit analysis of land cover and land cover change within the project area is a prerequisite for the initialisation and validation of the forest conversion scenarios that were applied within this study. The land cover assessment for the Gumbasa watershed was based on a data set of two Landsat/ETM+ satellite images, taken on 24 -top of atmosphere (TOA) reflectance computation and atmospheric correction based on the COST algorithm (CHAVEZ 1996) -normalization of topographically induced distortions using the adjusted stratified Minneart model C. Leemhuis, S. Erasmi, A. Twele, H. Kreilein, A. Oltchev and G. Gerold: Rainforest in Central The overall weighted producer's accuracy is 74.4% for 2001 and 71.5% for 2002, respectively. The assessment is based on eight land cover classes and a further separation of the montane forest into two elevation classes based on a digital elevation model. Finally, the change detection analysis was performed using an object-based post-classification comparison approach and confusion matrix analysis. , some significant changes in the landscape of the Gumbasa watershed occurred. These changes are mainly related to the intensification of forest degradation and conversion activities at the rainforest margin in the Palolo valley and in the Dongi-Dongi region (see Fig. 4 ). Since the rainforest margin within the project area is mostly situated below 1,200 m, the forest conversion effects only the lower montane rainforest. Table 1 documents the dimensions of land cover change and the major conversion activities. Within the observation period of 13 month, 4,311 ha (-11.7%) of lower montane closed forest has been affected. The forest change is characterized either by forest degradation processes (selective logging) which lead to a decrease in canopy closure (3,215 ha) or by clear cut logging which result in a conversion of forest areas into fallow land and a complete loss of flora and fauna within the previous natural forest. Concerning the land cover statistics, the clear-cut logging activities result in an increase of grassland (+18%) and open shrubland (+48.7%) areas. The increase of cropland and grassland is also a consequence of the conversion of former paddy rice fields into fallow land or cacao plantations. Table 2 summarises the change statistics for the Dongi-Dongi sub-catchment which comprises the hot spot area for forest conversion activities within the Gumbasa River catchment. 
Impact of forest conversion on the water balance
The comparison of the simulated yearly water balance for the year 2002 with respect to the year 2001 and the applied land cover scenarios gives a general first overview about the impact of land cover change on the hydrological performance of the observed watershed. Table 3 compares the changes induced by land cover change for the total Gumbasa River catchment and the Dongi-Dongi sub-catchment respectively of the following water balance components: areal precipitation (P), evapotranspiration (ETR) and total discharge (Q). With respect to the actual land cover changes from 2001 to 2002 the effect on the yearly simulated water balance is rather insignificant. The hydrological model calculated a 0.2% of the total water balance decrease of total yearly discharge for the Gumbasa River catchment. Within the Dongi-Dongi catchment, where the predominant quota of land cover changes took place between the year 2001 and 2002 the yearly drop of total run-off amounts to 1.8% of the total water balance. The annual crop scenario with an increase of 11.4% of the yearly total run-off for the Gumbasa River catchment and the perennial crop scenario with a rise of 5.8% of the yearly total discharge of the Dongi-Dongi sub-catchment indicate a great increase of the yearly total discharge with cumulative deforestation rates. All changes of the total discharge were induced by an alteration of the yearly evapotranspiration rate, due to a decline of LAI, root depth, vegetation height and stomata conductance. Less water is evaporated by interception and hence throughfall increases and more water can infiltrate into the soil. The reduction of the evapotranspiration causes the soil to be wetter and therefore more responsive to rainfall (BRUIJNZEEL 2004) . The graduated impact of annual and perennial crop scenario is related to the more similar physical vegetation parameters of the cacao tree in comparison to the broadleaf evergreen forest of the catchment. Comparing the forest cover changes with total annual discharge changes for the year 2001 and the two land cover scenarios, the simulation results demonstrate a non-linear relationship between forest cover change and changes of the yearly total run-off. Regarding the crop scenarios the Dongi-Dongi sub-catchment does not experience such great forest conversion (-14.9%) as the total Gumbasa River catchment (-37.1%). This difference explains the relative lower rise of total discharge. For a detailed analysis of the implications of the actual deforestation rate between the year 2001 and 2002, and furthermore the deforestation scenarios, a closer investigation of the yearly temporal run-off variability is essential. In order to evaluate the impact of forest conversion on the temporal discharge variability monthly low (MNQ), mean (MQ) and high water (MHQ) discharges were calculated for the Gumbasa River catchment (Fig. 5) . The diagram of the monthly variation of the low water discharges (MNQ) demonstrates a moderate monthly rise for both deforestation scenarios and a slight decrease for the year 2001. The impact of for- est conversion increases for the monthly mean discharge (MQ) and is most significant for the monthly high water discharges (MHQ). The results imply that deforestation has a more important impact on the high water discharges than on the low water discharges.
Conclusions
The simulation results of the impact of forest conversion on the water balance of a mesoscale tropical catchment agree with the findings of experimental (2004) raised the discussion about the "low flow problem". Whether the baseflow is raised or reduced after forest removal is strongly connected to the degree of surface disturbance. COSTA (2005) argues that as a result of the decreased hydraulic conductivity due to soil consolidation less water can infiltrate, which again leads to an increased direct discharge and actually leads to a decrease of the low water discharge. The "low flow problem" indicates that information on land cover change describing the alteration of physical vegetation properties derived from Landsat/ETM+ satellite images can be sufficiently used to simulate alterations of the water balance with the help of a hydrological model. However, data on changes of the soil physical properties after forest removal is lacking. Integrating soil physical alterations due to forest removal for hydrological model simulations would considerably clarify the simulation correctness for the low water discharges. Further, it would also improve the simulation of the mean and high water discharges. Therefore it is most likely that within this study the hydrological model underestimates the increase of total discharge due to forest conversion. We can conclude that green water flow plays a significant role within tropical catchments. Most of the alterations of the water balance due to forest conversion can be explained by changes of the green water flow. However, alterations of the soil physical properties due to forest conversion also play a significant role to describe the hydrological response of a catchment. Besides monitoring of alterations of physical vegetation parameters, there is urgent need of research within tropical catchment areas to describe the corresponding changes of the soil physical parameters.
